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A B S T R A C T   

Analyses of human cohort data support the roles of cadmium and obesity in the development of several neu-
rocognitive disorders. To explore the effects of cadmium exposure in the brain, mice were subjected to whole life 
oral cadmium exposure. There were significant increases in cadmium levels with female animals accumulating 
more metal than males (p < 0.001). Both genders fed a high fat diet showed significant increases in cadmium 
levels compared to low fat diet fed mice (p < 0.001). Cadmium and high fat diet significantly affected the levels 
of several essential metals, including magnesium, potassium, chromium, iron, cobalt, copper, zinc and selenium. 
Additionally, these treatments resulted in increased superoxide levels within the cortex, amygdala and hippo-
campus. These findings support a model where cadmium and high fat diet affect the levels of redox-active, 
essential metal homeostasis. This phenomenon may contribute to the underlying mechanism(s) responsible for 
the development of neurocognitive disorders.   

1. Introduction 

Cadmium is a widespread human health concern [1,2]. The average 
dietary intake of this metal ranges from 8 to 25 μg per day, with a 
predicted half-life between 10–30 years [3,4]. Primary routes of 
non-occupational exposure include ingestion of cadmium containing 
foods and inhalation, mainly from cigarette smoke [4,5]. This metal is 
primarily stored in the kidney and liver. Analysis of human autopsy 
samples, however; show cadmium in the brain at levels between 
0.003− 0.12 μg/g [6]. 

The majority of toxicological research on cadmium has focused on its 
activity as a carcinogen and nephrotoxicant. Epidemiologic data and 
animal studies however, find associations between cadmium exposure, 
impaired neurodevelopment and neuronal function [7–9]. 
Occupationally-exposed adults show negative neurobehavioral traits 
and cognitive impairment [10,11]. Additionally, significant associations 
between maternal and infant cadmium levels and impaired 

neurodevelopment have been reported [12–15]. Similarly, metallomic 
analysis of children with Autism Spectrum Disorder (ASD) found that 
8.5 % had higher hair cadmium levels, compared to the general popu-
lation [9,16,17]. 

Studies using animal models suggest that cadmium-induced changes 
in blood-brain barrier permeability and neuronal damage may be the 
result of cadmium-mediated generation of reactive oxygen species 
(ROS) [18–22]. This damage is associated with negative impacts on 
memory and cognitive behavior [23,24]. 

Cadmium exposure is associated with increases in ROS. This metal 
however is not redox active in vivo. Thus alternate models have been 
suggested to explain ROS increases including depletion of glutathione 
[25,26]. Another alternative mechanism may be cadmium-induced 
disruption of trace element homeostasis [27–29]. 

Disruption of trace element homeostasis is also associated with 
obesity which now affects 17 % and 35 % of children and adults, 
respectively [30,31]. Epidemiological studies find a higher prevalence 
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of obesity in ASD patients compared to control populations [32]. In 
addition, maternal obesity and/or gestational diabetes are ASD risk 
factors [33,34]. In animal models of ASD, a direct causative link be-
tween diet-induced obesity and worsening of ASD-like behavior has 
been observed [35]. 

To investigate the relationship among cadmium, obesity, essential 
trace metals and oxidative stress, changes in the levels of cadmium and 
essential metals in the brains of mice exposed to low-dose cadmium and 
high-fat diet (HFD) were quantified. Additionally, gender differences in 
the levels of these metals were examined. 

2. Methods 

2.1. Animals and exposures 

Six week old male and female C57BL/6 J mice were purchased from 
Jackson Laboratory. Mice were housed in a pathogen-free AAALAC- 
accredited facility and all procedures were approved by the University of 
Louisville’s Institutional Animal Care and Use Committee. One week 
after the animals arrived, diets were changed to AIN-76A purified diet 
(Envigo) to limit the confounding effects of metal contamination found 
in standard chow [36]. Food and deionized water were provided ad 
libitum. 

Cadmium exposure for parental mice (F0) began at 10 weeks of age. 
Cadmium containing drinking water (0 or 5 ppm [final concentration]) 
was prepared from stock solutions of cadmium chloride (Alfa Aesar) in 
deionized water and stored at − 80 ◦C. Based on a survey of the litera-
ture, 5 ppm cadmium is one of the lower concentrations of cadmium 
tested, which is approximately 1% of the cadmium LD50 [37]. At 12 
weeks of age mice were placed into breeding triplets (1 male to 2 fe-
males) within each cadmium exposure group (Suppl. Fig. 1). After 
weaning, offspring (F1) were continuously exposed to the same con-
centration of cadmium as their parents until sacrifice. Additionally, 
offspring were fed either a low-fat (LF; 13 % fat) or high-fat (HF; 2% fat) 
diets. Offspring were sacrificed 24 weeks after weaning (Suppl. Fig. 1). 
Brains were harvested from each mouse. Portions of each organ were 
snap-frozen in liquid nitrogen and stored at -80 ◦C for future analyses. 

2.2. Metal analysis 

Brains were digested by incubating in 70 % nitric acid at 85 ◦C for 4 
h. Samples were then cooled to room temperature, centrifuged to 
remove undigested debris and then diluted to 2% nitric acid (final 
concentration) with Milli-Q deionized water. Element quantification 
was performed using an X Series II quadrupole inductively coupled 
plasma mass spectrometry (ICP-MS) (Thermo Fisher Scientific). During 
sample injection, internal standards including Bi, In, 6Li, Sc, Tb and Y 
(Inorganic Ventures) were mixed with each sample for instrument 
calibration. Each sample was analyzed three times. 

2.3. Dihydroethidium histological analysis 

The presence of ROS in the hippocampus, cortex and amygdala were 
probed using dihydroethidium (DHE) (Sigma Chemical Co). Brains were 
post-fixed, cryoprotected sequentially in 15 %, 30 % and 40 % sucrose, 
and embedded in tissue freezing medium for cryosectioning. Thick (25 
μm) sagittal sections were prepared using a cryostat (Leica, Germany), 
mounted onto charged slides and then stored at -20℃ until staining. To 
test for the presence of ROS, sections from five non-cadmium treated 
HFD animals and five cadmium-treated HFD animals were incubated 
with 5 μM DHE at 37 ◦C for 30 min in the dark, as previously described 
[38]. To confirm the presence of superoxide, additional sections were 
pre-incubated for one hour at room temperature with Polyethylene 
Glycol-Conjugated Superoxide Dismutase (500 units/mL, Sigma) fol-
lowed by DHE staining. Fluorescence images of hippocampus, cortex 
and amygdala regions of each animal were obtained using a laser 

scanning confocal microscope (Leica). 

2.4. Statistical analyses 

Descriptive statistics for offspring mice (F1) were summarized as 
mean ± SD stratified by sex (male vs female), diet (LF vs. HF) and 
cadmium concentration (0 vs. 5 ppm). Three-way ANOVA with two-way 
and three-way interactions were applied to examine whether sex, diet 
and cadmium exposure were significant for each metal in F1mice. 
Bonferroni adjusted p-values resulting from the ANOVAs were reported, 
where the Bonferroni adjusted p-values were calculated by the original 
p-values times the number of tests at seven (i.e., three main effects, three 
two-way interactions and one-three-way interaction). The main effect or 
interaction was significant if the corresponding adjusted p-value was 
less than 0.05. A significant cadmium exposure effect indicated that the 
metal was significantly different between the two cadmium exposure 
levels. Significant sex effect indicated that metal concentration was 
significantly different between male and female mice. Similarly, sig-
nificant diet effect indicated that metal concentration was significantly 
different between HFD and LFD fed mice. Two-way interaction term 
indicated whether the difference of metal concentration in F1 mice be-
tween two levels of one factor was significantly different among the 
different levels of the other factor. Three-way interactions indicated that 
the effects of one factor differed significantly among the different 
combinations of the other two factors. A factor had significant effect on 
the metal concentration if the main effect and/or its interaction term 
were statistically significant at a Bonferroni-adjusted significance level 
0.05. Post-hoc t-tests for the effect of one factor with the other two 
factors fixed at certain levels were carried out only if the effect of the 
factor was statistically significant, thus the family-wise type I error rate 
was controlled at 0.05 [39]. In particular, group comparisons due to 
cadmium exposure were further examined using post-hoc t-tests only if 
either the cadmium exposure or its interaction in the three-way ANOVA 
were significant at Bonferroni adjusted significance level 0.05. The ef-
fects due to diet or sex were examined in a similar manner. The statis-
tical analyses were carried out using the statistics software R version 
3.6.2 (https://www.r-project.org/). 

3. Results 

3.1. Cadmium accumulation in the brain 

Concentrations of cadmium in brain were measured using ICP-MS. 
Exposure to 5 ppm cadmium resulted in significant increases in the 
metal under all experimental conditions (Fig. 1). For animals fed a LFD, 
exposure to 5 ppm cadmium increased brain cadmium from < 1 to 
14− 18 μg/g (Fig. 1). High fat diet did not affect the levels of cadmium in 
non-exposed animals. In cadmium-exposed animals, however; there 
were significantly higher levels of brain cadmium. Additionally, the 
cadmium concentration was almost double to that measured in LFD fed 
animals. Gender also significantly affected cadmium accumulation. Fe-
male mice had significantly more metal than correspondingly treated 
males. Two-way ANOVA for cadmium treatment and diet or gender 
indicated significant interactions (Fig. 1). 

3.2. Effect of cadmium exposure on essential metal levels in brain 

ICP-MS measures concentration of metals with Z numbers between 9 
(Be) and 208 (Pb). Additional analyses focused on the effects of cad-
mium, diet and gender on the following essential metals: 23Na, 24Mg, 
39K, 44Ca, 55Mn, 52Cr, 57Fe, 59Co, 65Cu, 66Zn, 82Se, and 95Mo. In the 
absence of cadmium, LFD fed male mice had significantly higher levels 
of 24Mg, 39K and 57Fe in the brain than females (Table 1, Suppl. Tables 1 
and 3). Similarly, female mice fed the HFD accumulated significantly 
more 24Mg, 39K, 52Cr, 57Fe, 59Co, 65Cu, 66Zn and 82Se than LFD fed mice 
in the absence of cadmium. Male animals did not demonstrate 
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significant changes in essential metal levels in response to diet (Table 1, 
Suppl. Table 2). Cadmium significantly increased the levels of 24Mg, 39K, 
52Cr, 57Fe, 59Co and 82Se (Table 1, Suppl. Table 1). Statistical analyses of 
the effects of cadmium, diet and gender on essential metal levels are 
presented in Suppl. Tables 1 – 3. 

3.3. Cadmium and HFD-induced ROS in brain 

The fluorescent probe DHE was used to determine the levels of su-
peroxide in the brain of male and female mice, following 5 ppm cad-
mium treatment in HFD-fed animals. The relative DHE staining intensity 
was assessed in three brain regions relevant to ASD: cortex, hippocam-
pus and amygdala. The DHE immunofluorescence in the three brain 
areas of Cd/HFD-treated mice was higher compared to their respective 
non-cadmium treated HFD animals (Fig. 2). Pre-incubation with su-
peroxide dismutase reduced DHE fluorescence in treated animals to 
levels identical to those of non-treated mice, demonstrating the speci-
ficity of the superoxide staining (Fig. 2, lower panels). A significant 
difference between males and females was not observed, but this may be 
a consequence of a small sample size. 

4. Discussion 

The ability of the transition metal cadmium to impact human health 
is well established. Analyses of human data from large cohort studies 
from US, Korea, China and Taiwan (NHANES, KNHANES, CHNS and 
NAHSIT) find significant associations between cadmium levels and 
other human diseases, including metabolic syndrome, type II diabetes, 
hypertension, hearing loss and a set of neurological abnormalities 
[40–42]. Neurological pathologies associated with cadmium exposure 
include cognitive impairment, defective neurodevelopment, and ASD. 
Although significant associations between cadmium levels and these 
pathologies have been established, there is a paucity of information on 
the mechanistic links between cadmium exposure and neurocognitive 
abnormalities. 

To begin investigating the role of cadmium in the development of 
these diseases, the effects of chronic whole-life, low-dose exposure on 
the distribution of cadmium and essential metals were examined. A 24 
wk. oral exposure to 5 ppm cadmium caused a significant increase brain 
levels compared to non-exposed animals. These levels however, were 
much lower than that present in the livers, kidneys and hearts of the 
same animals (Table 2). 

Female mice accumulated more cadmium than males, which was 
similar to that observed in other tissues [43]. Gender-specific differences 
in cadmium levels and several biological endpoints from blood, urine, 
liver and kidney have observed in several large human cohort studies 
[41,44,45]. Elevated cadmium levels are associated with lower intelli-
gence and ASD in males [13,46]. In a study of ~1,300 five-year old 
children, an association between low-level cadmium exposure and lower 
IQ scores was reported with a more pronounced response in girls [47]. 

Although gender differences have been observed, the mechanism(s) 
responsible for these differences have not been established. One po-
tential mechanism may be a higher rate and accumulation of cadmium 
in women due to increased gastrointestinal absorption due to higher 
levels of the duodenal metal transporter (DMT1), which also has a high 
affinity for cadmium [48–51]. 

Cadmium and obesity interact to exacerbate human pathologies 

Fig. 1. Cadmium concentrations in mouse brain. Animals were exposed to 
0 (light bars) or 5 ppm cadmium (dark bars) and fed either a LF (open bars) or HF 
(hatched bars) diet. Cadmium levels were measured by ICP-MS. Brackets indi-
cate a significant difference (p < 0.05 < p) in metal concentration between 
treatment groups based on ANOVA analyses and post-hoc t-tests. In the sum-
mary of ANOVA results: a indicates whether cadmium concentration was 
significantly different between the two cadmium exposure levels; b indicates 
whether cadmium concentration was significantly different between male and 
female mice; c indicates whether cadmium concentration was significantly 
different between HFD and LFD; * two-way interaction term indicates whether 
the difference of cadmium concentration between two levels of one factor was 
significantly different among the different levels of the other factor and ** in-
dicates three-way interactions. 

Table 1 
Essential Metal Concentration in Brain.  

Treatment Group Metal Concentration ± SD (μg/g) 

Gender Diet Cd 24Magnesium 39Potassium 52Chromium 57Iron 59Cobalt 65Copper 66Zinc 82Selenium 

Male 
HFD 

0 ppm 105,948 ± 31,677 2,549,352 ± 859,096 132 ± 39 11,908 ± 2,987 4.5 ± 1.02 2,847 ± 703 10,581 ± 2,637 94.1 ± 29.9 
5 ppm 112,383 ± 23,367 2,429,197 ± 797,925 155 ± 25 13,027 ± 2,438 4.6 ± 1.16 3,088 ± 518 12,975 ± 2,446 118.4 ± 11.1 

LFD 0 ppm 93,593 ± 8,072 2,115,489 ± 228,811 116 ± 18 10,870 ± 1,064 3.8 ± 0.99 2,738 ± 853 8,339 ± 2,326 85.5 ± 12.9 
5 ppm 112,751 ± 14,836 2,564,415 ± 606,709 130 ± 10 11,618 ± 1,265 4.5 ± 0.8 2,641 ± 422 9,284 ± 2,206 91.8 ± 28.4 

Female 
HFD 0 ppm 98,873 ± 5,914 2,186,313 ± 178,297 134 ± 23 11,530 ± 1,445 4.9 ± 0.39 3,180 ± 141 12,640 ± 1,916 102.2 ± 29.0 

5 ppm 104,338 ± 11,676 2,191,195 ± 352,318 139 ± 15 11,529 ± 1,574 5 ± 0.76 3,075 ± 508 10,780 ± 2,062 103 ± 19.5 

LFD 
0 ppm 73,071 ± 13,364 1,514,813 ± 362,650 94 ± 24 8,776 ± 1,320 3.2 ± 0.84 2,056 ± 591 6,763 ± 2,448 68.9 ± 18.2 
5 ppm 123,552 ± 20,127 2,836,092 ± 642,158 150.4 ± 24 12,462 ± 2,080 4.9 ± 0.81 2,857 ± 865 9,996 ± 2,546 109.3 ± 31.8 

Elements listed in this table showed significant responses to cadmium exposure based on three-way ANOVA. Detailed statistical analyses and indications of significant 
differences based on 3-way ANOVA and t-tests can be found Suppl. Tables 1–3. Values for all of the measured essential metals can be found in (Suppl. Tables 2 and 3). 
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including prediabetes, metabolic syndrome, hypertension and neuro-
pathology’s [52–55]. Therefore, the impact of high fat diet on cadmium 
levels in the brain was also examined. High fat diet fed mice accumu-
lated approximately two-fold more metal than those fed a LFD. Addi-
tionally, HFD-fed female mice had the highest levels of cadmium in the 
brain (Fig. 1). Similar responses to HFD on cadmium accumulation were 
previously observed in hearts, kidneys and livers of the identical animals 
[43]. As with brain, female HFD-fed mice accumulated the highest level 
of metal in these tissues. 

It has been hypothesized that environmental toxicant-induced 
elevation of ROS in the brain may contribute to cognitive dysfunction 
[56,57]. Both obesity and cadmium exposure are associated with 
increased levels of ROS and several human diseases [58–60]. Moderate 
to low level cadmium exposure induces lipid peroxidation in the brain 
and interferes with antioxidant defenses [21,57]. This damage may 

affect the integrity and permeability of brain endothelium leading to 
additional oxidative injury and neuronal death [21,61]. 

Increased levels of superoxide were detected in the hippocampus, 
cortex and amygdala of HFD-fed/cadmium-treated animals (Fig. 2). 
Cadmium itself is not redox active in vivo; however, cadmium exposure 
led to significant increases in several redox-active essential metals 
including chromium, iron, and cobalt. HFD-fed mice also showed sig-
nificant increases in the levels of chromium, cobalt, and copper (Table 1, 
Suppl. Table 1). Thus, cadmium-induced oxidative damage in the brain 
may be the consequence of elevated levels of these redox active metals 
that can be enhanced by high fat diet. Increased redox active metals 
could be responsible for the cadmium-mediated oxidative damage, brain 
alterations, and neuronal dysfunction. 

Whole life exposure to cadmium in combination with HFD signifi-
cantly affected cadmium and essential metal levels in the brain (Fig. 3). 
In addition, gender differences in metal distribution were observed. The 
disruption of essential metal homeostasis by cadmium and/or obesity, as 
well as gender specific differences may contribute to the progression of 
neurodevelopmental disorders. These results can serve as the basis for 

Fig. 2. Cadmium increases superoxide in HFD-fed mice. TopPanels, Representative images of DHE stained brain tissue from male mice fed high fat diet showing 
increased superoxide in hippocampus (left), cortex (middle) and amygdala (right) brain regions associated with 5 ppm cadmium exposure. BottomPanels, brain tissues 
from the same animals shown in the toppanels were pre-incubated with superoxide dismutase prior to DHE staining. 

Table 2 
Tissue cadmium concentrations.  

Treatment group Mean cadmium concentration (μg/g tissue) ±
SD* 

Sex Diet Cadmium 
Concentration 
(ppm) 

Brain Heart Kidney Liver 

Male 

LF 

0 
0.1 ±
0.14 

2.1 ±
2.6 5 ± 6.99 

2.2 ±
3.16 

5.0 
13.8 
±

2.29 

95.9 ±
44.13 

3,624 ±
490.46 

1,393.3 ±
226.02 

HF 

0 
2.1 ±
2.62 

2.2 ±
2.26 5 ± 4.75 

4.1 ±
4.53 

5.0 
25.6 
±

9.84 

152 ±
51.37 

5,706.9 ±
1,139.59 

2,010 ±
856.03 

Female 

LF 

0 0.5 ±
0.62 

3.9 ±
2.08 

4.2 ±
6.63 

3 ± 3.8 

5.0 
18.1 
±

5.75 

105.6 
±

15.18 

4,909.1 ±
848.01 

2,356.7 ±
446.26 

HF 

0 
0.5 ±
0.4 

3.2 ±
5.82 

3.9 ±
2.74 

5.6 ±
7.19 

5.0 
32.8 
±

4.55 

153.5 
±

56.55 

8,117.5 ±
2,624.51 

3,006.4 ±
1,384.27 

LF, low-fat diet; HF, high-fat diet. 
* Details on the isolation and characteristics of heart, kidney and liver used in 

cadmium measurements can be found in [43]. 

Fig. 3. Summary results on the effects of cadmium and diet on essential metal 
homeostasis. Mice were exposed to cadmium and/or HFD as diagrammed. After 
24 weeks brains were collected and then cadmium and essential metals 
measured by ICP-MS. Metals whose levels significantly changed under any 
condition are presented. 
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future studies to elucidate molecular mechanisms of cadmium-induced 
neurotoxicity focusing on neurodevelopmental disorders in response 
to environmental exposures. 
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